Warm mix recycled asphalt with bitumen emulsion is a technique still in development, which has proved to be very promising, both in economic and environmental terms.
Introduction
In the construction and rehabilitation of asphalt pavements, large amounts of natural resources are used, in particular, aggregates and binders. These resources are limited and therefore the incorporation and reuse of bituminous aged pavements is important and justified either by environmental issues or by economic ones. In Europe, more than 50 million tonnes of asphalt material removed from roads are produced every year [1] . However, in some countries their use in recycled mixtures is still far from desired.
The reasons to recycle materials from the infrastructure of roads can differ from country to country. In countries where almost all the aggregates have to be imported, like the Netherlands, there is an economic basis for optimising the use of reclaimed asphalt pavement (RAP) as far as technically possible. It is verified that about 95% of mix-plants produce asphalt mixtures incorporating up to 50% RAP [2] . In countries with sufficient reserves of aggregates, this incentive does not exist. Research conducted over the 0950-0618/$ -see front matter Ó 2011 Elsevier Ltd. All rights reserved. doi:10.1016/j.conbuildmat.2011. 10 .053 last 30 years shows that the performance of asphalt containing RAP is as adequate as the quality of asphalt containing only natural aggregates [1] . Recycling and the reuse of RAP allows to increase the structural capacity of pavements, their resistance and geometric homogenisation with a minimum use of new materials and removal of landfill deposits.
Currently, there are several types of recycling methods which can be differentiated by the location of production, the type of used binder and the production temperature. As for the location of the recycled mix production, there are two methods: plant-mix and mixed-in-place. Regarding the type of binder used, it can be divided into the bituminous binder and the hydraulic or mixed binder. As for the temperature of production, it has been the cold mix asphalt, the warm-mix or half-warm asphalt and the hot mix asphalt.
Within the different industrial sectors, the production of hot bituminous is an activity that is affected by the Kyoto Protocol. Increasingly industrialised countries seek measures enabling the reduction of emissions in compliance with the requirements. This way, new alternatives of bituminous products or the improvement of the existing are sought, namely, by reducing the temperature of production for conventional bituminous mixtures [3] [4] [5] . Thus, the warm-mix recycled asphalt (WMRA) arises and, apart from reducing the emissions, the smoke and the energy necessary for their production, they also improve the safety conditions and comfort during placement. In addition to the advantages mentioned above the WMRA is also applied to resist cold-weather conditions or increasing transport distances before placement. Thus, the smaller differential between ambient temperature and mix temperature results in a slower cooling of the mixture. As a result, WMRA can be compacted at lower temperatures having more time available for the compaction [6] [7] [8] .
There are three technologies that have been developed and used in European countries to produce WMA [4,9, These techniques consist in the production of mixtures with additives in order to decrease the viscosity of the binder (bitumen). The technology to produce WMA presented in this paper is based on using of bitumen emulsion as a binder instead of bitumen.
In Portugal, there have been studies on these paving alternatives using 100% RAP, heated at temperatures between 100 and 140°C and adding a small percentage of bitumen emulsion at ambient temperature. Two road works were already done using these mixtures. The first project in Portugal, using warm-mix asphalt recycling with bitumen emulsion was completed in July 2009. This roadwork consists of a 24 km road rehabilitation, located on EN244 road, between Gavião and Ponte Sor. It is part of a predominantly rural road, with a large amount of agricultural service roads, but with urban areas [11] [12] [13] . The aged bituminous pavement was removed to a depth of 7 cm corresponds to a mixture of different layers of pavement, which included wearing course and part of base course, of the same work performed in 1987. After being removed with a milling machine, the RAP was transported to the hot-mix plant. The laboratory study presented in this paper used the RAP from this roadwork.
The laboratory study was conducted in two stages according to what was proposed by several authors [14] [15] [16] [17] . The first stage was to characterise the material composition of warm-mix asphalt recycled (RAP and bitumen emulsion). The second stage determined the approximate amount of asphalt binder through an empirical formula and studied the different design methods in order to choose the most suitable for this type of mixtures.
Characterisation of materials used in the mix

Reclaimed asphalt pavement
The RAP used in the manufacture of mixtures was from a road rehabilitation work of a pavement, corresponding to a mixture of different layers of pavement, which included wearing course (6 cm) and part of base course (1 cm). The bitumen content of RAP was determined by centrifuge extractor method (according to EN12697-1 standard). The results are summarised in Table 1 . The analysis of the results presented some variability in the bitumen content of the RAP, varying from 4.1 and 5.3 (percentage by total of aggregates).
The gradation of RAP was determined before the extraction of the binder. RAP was a uniform material and it was consistent with the limit gradation recommended by Portuguese specifications [18] . The results are presented in Table 2 .
After the extraction of binder in RAP with the centrifuge extractor method, its characterisation followed. The results obtained are summarised in Table 3 .
New bituminous binder
A bitumen emulsion was adopted for the new bituminous binder, manufactured from a bitumen enabled with adequate characteristics to application at temperatures between 100 and 120°C.
The results regarding the characterisation of bitumen emulsion and the values were described as ideal in the standard EN13808 [19] , they are summarised in Table 4 .
Warm-mix recycled asphalt design
The objective of the asphalt mixture design is to study its composition regarding quality and quantity of material to be used so that the mixture has a good behaviour when in service and, under the influence of traffic and atmospheric agents. Warm mix asphalts (WMA) are within the hot mixtures and the cold mixtures however, there are doubts concerning the design method to be adopted to the WMA. In Portugal, the design method used for hot mixtures is the Marshall test(s) (according to EN12697-34 standard), while, for cold mixtures, it is common to use the immersion-compression tests [20] (according to ASTM D 1075-96 standard). Therefore, we used both tests and checked which would be the most indicated for warm-mix recycling asphalt. In addition, tests to determine water sensitivity (according to EN 12697-12 standard) and characterise the stiffness modulus were carried out (according to EN 12697-26 standard) as an alternative design method.
The approximate amount of bitumen was determined, for all cases, based on the combination of aggregates contained in the RAP and the Eq. (1), proposed by various authors [22] :
where P b is the approximate total bitumen demand of recycled mixture, percent by weight of mixture, a is the percent of mineral aggregate retained on 2.36 mm sieve, b is the percent of mineral aggregate passing the 2.36 mm sieve and retained on the 75 lm sieve, c is the percent of mineral aggregate passing on 75 lm sieve, K is the 0.15 for 11-15% passing 75 lm sieve, 0.18 for 6-10% passing 75 lm sieve, 0.20 for 5% or less passing 75 lm sieve and F is the 0-2% absorption factor of aggregates. In the absence of information used by 0.7% [21, 22] . Was applied Eq. (1) using the values presented in Table 2 : a = 48%, b = 43%, c = 9%, k = 0.18 and F = 0.7%. The value obtained for P b was 5.9%. The quantity of new bituminous binder (P nb ) to be added to the recycled mix expressed as percent by weight of aggregate is calculated by the Eq. (2).
where r is the new aggregate expressed as a percent of the total aggregate in the recycled mix, and P sb is the bitumen content of RAP. Table 1 presents the values obtained for the bitumen content of the RAP, with an average value of 4.75%. As the mixture studied is composed of 100% RAP, the value of r is zero and the value obtained for P nb is 1.15%. The new binder used, as mentioned above, is a bitumen emulsion with 61.5% of residual bitumen. Thus, the initial content of bitumen emulsion to add to the recycled mixture is 2.0%, approximately. Next follows a description of the laboratory work carried out in the four separate methods.
Marshall tests
In the laboratory, there was a production and a compaction of recycled mixtures with different contents of emulsion (1.5%, 2.0%, 2.5% and 3.0%), different compacting temperatures (60°C and 90°C) and different types of cure (24 h at ambient temperature and 24 h in an oven at 60°C). For both methods their bulk densities were determined. In Fig. 1 there is a graphic representation of the relationship between some properties resulting from the Marshall test and the emulsion content [13] [14] [15] . The results correspond to an average of 5 values for each different mix.
After the analysis of the results obtained for different compacting temperatures and curing, the improvements are noticeable when the temperature and the cure increases, as in the case of mixtures at 90°C with 24 h curing in an oven at 60°C.
The Marshall test results for estimating the optimum binder content remained inconclusive for all the recycled mixes, when compared to the Portuguese specification limits of the virgin hot mix ( Table 5 ). The optimum binder content corresponds to the maximum Marshall stability, to the highest bulk density and to the average value of the specified porosity limits.
The temperature increases compression to 90°C improved the results, however, did not allow clear conclusions about the optimum binder content.
The immersion-compression test
The immersion-compression test consists on evaluating the effect of water on the cohesion of bituminous mixtures by determining the percentage reduction of simple compressive strength on specimens after immersion in water, at 60°C and during a period of 50 ± 10 min. It was performed as per ASTM D1075 by determining the compressive strength of a dry specimen (S D ), the compressive strength of an immersed specimen (S I ) and the index of retained strength. The obtained results corresponded to an average of 10 values for each different mix are represented in Fig. 2 .
After analysing the results and comparing them to the requirements of warm mixture recycled asphalt (Table 6) , it can be concluded that, under any conditions, the values of the index of retained strength are within the limits, except for mixtures compacted at 60°C with 3% emulsion content. As to the results obtained for dry resistance and resistance after immersion, all values are higher than the minimum, except for mixtures compacted at 60°C with emulsion content equal to 3%.
The mixture design by immersion-compression presented great variability of results. This variability is particularly affected by the lowest compaction temperature.
Water sensitivity (indirect tensile strength test)
The evaluation method of water sensitivity in bituminous mixtures presented in standard EN 12697-12 was based on the comparison between the average values to the indirect tensile Table 5 Requirements for bituminous hot mixtures [13] .
The base courses -requirements/properties
Marshall stability (kN) S min = 7.5; S max = 15 Marshall deformation (mm) F min = 2; F max = 4 Porosity (%) P min = 3; P max = 6 Fig. 2 . Graphics resultant from immersion-compression test. strength which come from two groups of cylindrical specimens previously kept in different conditions. One group of specimen was kept dry at 20 ± 5°C while a vacuum with distilled water at 20 ± 5°C was applied in order to obtain an absolute pressure of 6.7 ± 0.3 kPa within 10 ± 1 min. The specimen was kept in vacuum for 30 ± 5 min. Next, they were placed in a water bath at 40 ± 1°C for a period of 68 to 72 h. The indirect tensile strength was determined in accordance with the procedure in EN 12697-23, with a load application at a constant speed of deformation of 50 ± 2 mm/min. The results obtained are presented in Fig. 3 . The values for the porosity of WMA are defined, in the Portuguese specifications, between 4% and 10%. It appears that none of the mixtures meet that limit. The Portuguese specifications do not have limits in the indirect tensile test for the base courses. In Spain, this value for the base courses is 80%. All values obtained were equal to 100%, meeting this limit. This result shows that the test is not sensitive to this type of mixture. It can be concluded that this is not appropriate for a design method of the WMRA.
Stiffness modulus test
For the determination of Stiffness (EN12697-26) several specimens were compacted, using static compression of double effect, at 8 MPa, as it was found that the apparent density obtained for this compression value would be similar to the one obtained in study [20] . As to the Stiffness test, the results obtained for the mixture performed at 90°C were slightly higher than those of mixture performed at 60°C (Fig. 4) . The results correspond to an average of 5 values for each different mix. This study was conducted over 4 months, within which the stiffness modulus test was carried out with specimens of different ages: 1 day, 7 days, 14 days, 21 days, 1 month, 2 months and 4 months. During this period the specimens were kept at 20°C.
With this test the optimum emulsion content for the composition of the mixture can be selected for just a 1 day cure. The specimen compacted to 60°C with a higher stiffness modulus were mixtures with 1.5% of the emulsion content. The specimen compacted at 90°C with a higher stiffness modulus were mixtures with 2% of the emulsion content, being the results close to the specimens with 1.5% of the emulsion content.
Selection of mix design
The selection of the most appropriate mix design to be applied in WMRA with bitumen emulsion was based on a set of parameters related to the feasibility of tests, obtaining results within a reasonable time, the quality of results and also the simulation of conditions of service as close as possible to reality. Table 7 presents the conditions used within the different methods of mix design, of the referred study.
The test for determining the stiffness modulus proved to be more suitable for use in mix design of WMRA since they obtained results more coherent and with less variability.
To prove the formula for implementing the final mixture, three performance tests were carried out: the water sensitivity (indirect tensile strength test), the wheel tracking test to determine the permanent deformation and the four-point bending test on prismatic shaped specimens (4PB-PR) to determine the resistance to fatigue. After the characterisation of mixtures and the checking of results by comparing them to values established in the Portuguese specifications, the formula for the production of WMRA may be chosen. This study is a result of the mix design for WMRA presented in Fig. 5 .
Conclusions
This paper was developed due to the need of establishing a design method suitable for a warm recycled mix. Several design methods have been tested in order to select the most appropriate for this type of mixtures. Tests conducted were: Marshall test, immersion compression test, water sensitivity test and stiffness modulus test. The latter, following the tendency verified in the last two decades in some European countries, such as England, France and Germany.
In the Marshall test, the obtained results were proved to be inconclusive since it is difficult to set minimum and maximum values in the different graphs. It was verified that the temperature production and compaction of the mixtures influences the final results. The best results were obtained for mixtures compacted at 90°C. The mixtures compacted at 60°C, in most cases, were excluded for failing to meet specified requirements.
In the design mix by immersion-compression it seems that the values of compressive strength of a dry specimen (S D ), the com- pressive strength of a immersed specimen (S I ) and the index of retained strength are kept above the minimum limits, except for mixtures compacted at 60°C. There is some variability in the results, such as the Marshall test, showing the difficulty of using these methods in design of MBRT. The lower the temperature of the compaction mixture, the higher the obtained variability of the results.
In the design mix made by the method of sensitivity to water for the studied mixtures (compacted to 90°C through the compactor impact), the values of indirect tensile strength ratio (ITSR) are all higher than the specified limits (80%) and close to 100%. This is due to mixtures are quite dense, containing no water penetration into the specimen, and, are therefore not damaged. It was therefore concluded that this test is not sensitive enough to be used as a method of optimising the composition of the MBRT, and it should be accurate in its applicability to this type of mixtures.
As for the mix design, based on the stiffness, it is clearly possible to choose the optimum emulsion content suitable for the composition of the mixture once the results show little variability. The influence of the curing time on the results was also studied. To accomplish this, they attempted to test specimens after 1 day, 7 days, 14 days, 21 days, 1 month, 2 months and 4 months, having been possible to conclude that the choice made for the 4 month composition is the same as a 1 day of cure.
Thus, after analysing the results obtained from different mix design, there is recommendation to optimise the composition of WMRA based on stiffness test. This method revealed a lower variability of results and allowed to reach conclusions in a short time, with only 1 day to cure the specimens. This work showed that the most appropriate design to determine the optimum emulsion content for WMRA is the stiffness test. However, since in this case lower asphalt emulsion content is employed, which is most likely the reason for that maximum value, the test method cannot be generalised as the main test for design of WMA mixes and further research is needed for different mix compositions.
